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The style of active tectonic on the deformation and characterization of ﬂuvial landscape has been
investigated on three typical skrike-slip fault zones of the Ajay-Damodar Interﬂuve (ADI) in Eastern India
through ﬁeld mapping, structural analysis and examination of digital topography (ASTER-30 m), multi-
spectral imageries, and Google Earth images. Channel morphology in Quaternary sediment is more
deformed than Cenozoic lateritic tract and igneous rock system by the neotectonic activities. The
structural and lithological controls on the river system in ADI region are reﬂected by distinct drainage
patterns, abrupt change in ﬂow direction, offset river channels, straight river lines, ponded river channel,
marshy lands, sag ponds, palaeo-channels, alluvial fans, meander cutoffs, multi-terrace river valley,
incised compressed meander, convexity of channel bed slope and knick points in longitudinal proﬁle.
Seven morphotectonic indices have been used to infer the role of neotectonic on the modiﬁcation of
channel morphology. A tectonic index map for the ADI region has been prepared by the integration of
used morphotectonic indices, which is also calibrated by Bouguer gravity anomaly data and ﬁeld
investigation.
 2015, China University of Geosciences (Beijing) and Peking University. Production and hosting by
Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/
licenses/by-nc-nd/4.0/).1. Introduction
As a part of Bengal Sedimentary Basin, the Ajay-Damodar
Interﬂuve (ADI) region is a complex zone in eastern India. The
interﬂuve region is characterized by active tectonic actions with
number of active sub-surface faults in different direction (Bagchi
and Mukherjee, 1979; Singh et al., 1998; Nath et al., 2014).
Tectonically, the study area is located near the subduction zone,
where the Indian plate is subducting below the Eurasian plate at
w2e4mm/yr rate of subduction (Goodbred et al., 2003; Mukherjee
et al., 2009; Mukul et al., 2014) and also near the interaction zone of
three plates, namely the Indian, Tibetan (Eurasian) and Burma
(West Burma Block) plates (Nath et al., 2014). Tectonic sensitivity of
the ADI region has been perceived from the seismic map of the
eastern India (Nath et al., 2014). Average magnitude of earthquakes
in the region is above four in seismic scale. This study has focused
upon the three pre-deﬁned sub-parallel faults in the NEeSW di-
rection (Fig. 1a) and their role on the deformation of alluvialof Geosciences (Beijing).
eijing) and Peking University. Produ
c-nd/4.0/).channel morphology. These faults were reactivated by the stress of
neotectonic activities during the early Pleistocene epoch (Singh
et al., 1998), which are Chhotanagpur Foothill Fault (CFF) in the
western part, Medinipur Farakka Fault (MFF) in the middle of the
ADI region and Damodar Fault (DF) in the eastern sedimentary low
land. As a result, the entire ADI region was divided into four
geotectonic blocks in the NWWeSEE direction and ﬁgured up a
step-like landscape along the entire region (Fig. 1c). According to
Nath et al. (2014), the western part of CFF comes under the ‘Indian
Shield’ and entire eastern part is under ‘Bogra Shelf’ or western
Foreland Shelf of Bengal Basin.
There are several intensive works related to the geological for-
mation of the Gangetic Delta region (Rao et al., 1999; Alam et al.,
2003; Acharrya and Shah, 2007, 2010; Mukul et al., 2014) and in-
ﬂuence of neotectonic on the formation of Bengal Basin (Raj et al.,
2008; Mukherjee et al., 2009; Mallick and Mukhopadhyay, 2011;
Nath et al., 2014), but drainage systems of this region have
received little attention in respect to neotectonic controls on
channel pattern and their geometric settings. Singh et al. (1998)
mentioned about the reactivation of some basement faults in the
western part of lower Gangetic stable shelf region during the early
Pleistocene and discussed on segmentation of three major tectonic
blocks and associated landforms and soils development (Fig. 1c).ction and hosting by Elsevier B.V. This is an open access article under the CC BY-NC-
Figure 1. Location map of the study area; (a) digital elevation map of the Rarh Bengal and location of the pre-deﬁned faults, (b) major geological units of the ADI region with delineated drainage basins and their streams, brown color
contours (m) are dividing the mentioned geomorphological units, (c) West (2348016.129000N, 8649059.278700E) to East (2311025.003200N, 8824028.631600E) topographical cross-section (AB) of the ADI region with major geotectonic
blocks.
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and discussed about drainage morphology of the study area as a
part of Rarh Bengal, but the study has not incorporated the role of
tectonics on channel deformation. As a part of lower Gangetic Plain
(Niyogi et al., 1968; Mallick, 1971; Bhattacharya and Mallick, 1982),
lower Damodar River basin (Bhattacharyya, 2011), lower Ajay River
basin (Mukhopadhyay, 2010; Roy, 2012a,b), and Ajay-Damodar
Interﬂuve (Pal, 1992), basic geomorphological characteristics of
the study area have been studied but none of the works have
pointed out the type of faults, rate and direction of slip, and role of
faulting on drainage system alternation over the region.
The major objectives of this study are (1) to determine the type
of pre-deﬁned faults and their direction of slip with the help of
abandoned ﬂuvial forms and archeological evidences of lastw 0.35
ka, (2) identiﬁcation and mapping of different deformed drainage
patterns and channel morphological features as strong evidences of
neotectonics over the region and reconstruction of the drainage
pattern evolution, and (3) preparation of a neotectonic index map
of the ADI region to denote the spatial variation of crustal defor-
mation. Nevertheless, the major hypothesis is that over the region
the reactivated basement faults are left-lateral skrike-slip faults
and deformation of channel morphology is more prominent in the
Quaternary sedimentary low lands.
2. Methods and materials
2.1. Study area
The focused ADI region has occupying an area of 6173.79 km2 in
the Bhagirathi-Hooghly catchment with an approx look like a
hammer. Administratively, the region is placed on the Barddhaman
District of West Bengal in eastern India. The study area is bounded
by the Ajay River on the north, Barakar River and Maithan Dam on
the west, girdled by Damodar River on the south and the
Bhagirathi-Hooghly River on the east. District boundary of Bard-
dhaman has been taken as the limit of study area in the southeast
corner (Fig. 1b).
The study area lies in the north-eastern part of the ‘Rarh Bengal’
(Bagchi and Mukherjee, 1979) and is divided into three distinct
geomorphic units by the contour lines at 18, 36, and 120m (Table 1;
Fig. 1a,b). On the basis of pedo-geomorphological classiﬁcation
(Singh et al.,1998), thewestern part of the region lies under the ‘Old
Fluvial or Deltaic Plains’, whereas eastern part lies on the ‘Young
Fluvial Plains’. Geologically, the area is characterized by Quaternary
sediments on the east and by Gondwana Super Group with some
lateritic patches on the western part (GSI, 2001) (Fig. 1b); it is also
overlain by Vindhyan Alluvium (Agricultural Finance Corporation
Ltd., 2013). Elevation of the region ranges from 2 to 221 m (as per
ASTER data, 2009), where a majority portion of land (40.32%)
comes under Plateau Fringe (36e120 m, indicated by brown con-
tour lines in Fig. 1b).Table 1
Major geomorphic units of the ADI region with the physiographic condition and areal co
Geomorphic units Range of contoura (m) Ph
Major Sub
Plateau proper - >120 Ve
roc
Plateau fringe - 36.01e120 Di
ste
in
Marginal plains Piedmont zone 18e36 Ge
all
Moribund zone <18 Ve
a Contour lines are demarked by brown color within Fig. 1b.In the region, the observed annual average rainfall is 1380 mm
and average mean temperature is 25.8 C during the time span of
last 100 years (IMD, 2014). There is a signiﬁcant temporal increase
in the seasonal rainfall amount for the South Bengal, but no sig-
niﬁcant change has been observed for the annual rainfall during the
same time period (National Climate Centre, 2006; Jain and Kumer,
2012).
Across the region, six ungauged drainage basins have been
delineated (Table 2). In the ADI region, 39.20% of area was covered
by Khari River Basin (including Banka and Brahmani basins), which
is entirely developed over the Quaternary sediment. The down-
stream areas of Kunur and Tumuni basins are also developed over
the Quaternary sediment but the upstream areas are under Ceno-
zoic lateritic tract of ADI region. Nonia and Singaran basins have
been controlled by the Mesozoic hard igneous rock system of In-
dian Shield in the western part of ADI region (Fig. 1b).
In respect to anthropogenic inﬂuences over the study area,
recent areal imageries showed that along the six trunk rivers there
are very less human interferences. Due to the non perennial rivers,
across the six trunk rivers no dams and other obstructions have
been identiﬁed. Maximum part of active ﬂoodplains area of these
rivers are covered by scrubs or fellow lands and little patches of
forest area. Although, the agriculture practices over the sedimen-
tary basins are the major source of economy for this region, no
direct instream changes have been observed there. Bandyopadhyay
et al. (2014) observed that anthropogenic disturbances have less
control on the alternation of longitudinal proﬁle of Kunur River
Basin than lithological, structural, and geomorphic processes using
thermodynamic entropy model.
Basin wise circularity ratio (Rc) reveals that all the basins are
strongly elongated over the highly permeable homogenous
geologic materials (Miller, 1953), because the range of Rc values
observed between 0.41 (Kunur) to 0.51 (Singaran) except Nonia
(0.64). Bifurcation ratios (Rb) also denote that all the basins are
characterized by natural stream systems. The Rb values within
the range of 3.38 (Tumuni) to 5.02 (Khari), indicated that the
drainage pattern of these basins are not distorted by the morpho-
structural control (Dar et al., 2014). Therefore, it has been
assumed that distinctive drainage network, unnatural ﬂow pattern,
deformed longitudinal and lateral valley are the result of tectonic
inﬂuences.
2.2. Geomorphometric analysis
The interﬂuve region has been investigated to examine the in-
ﬂuences of Quaternary neotectonic activities on drainage system by
applying an integrated study on ﬂuvial geomorphology, morpho-
tectonics, and digital topography analysis using topographic maps
(1:50,000), ASTER dem (30 m), multi-spectral imagery (Landsat 8)
and ﬁeld mapping. Intensive ﬁeld works have been done for the
identiﬁcation of micro-level geomorphic deformations in differentverage.
ysiographic character Area of ADI (%)
ry undulating part with several residual hills; very hard
k with igneous intrusion
6.22
ssected by deep river valleys;
ep rising slope in the western margin; moderate slope
the east, moderate to soft rock
40.32
ntle slope; Wide and narrow river valley; old to new
uvial ﬂood plain
22.34
ry gentle slope; silted up by the Bhagirathi alluvium; 31.12
Table 2
Morphometric attributes of the delineated drainage basins over the ADI region.
Drainage basins (Tributary of) Stream order Stream number Total length (km) Bifurcation ratio (Rb) Other parameters
Kunur
(Ajay)
1 222 225.22 Area: 915.60 km2
2 53 98.72 4.19 Perimeter: 1,68,193 m
3 16 70.94 3.31 Rc ¼ 0.41; SI ¼ 1.67; Rb ¼ 3.96
4 3 10.16 5.33
5 1 94.56 3
Tumuni
(Ajay)
1 123 94.09 Area: 178.89 km2
2 33 45.95 3.73 Perimeter: 74,763 m
3 8 24.48 4.13 Rc ¼ 0.40; SI ¼ 1.39; Rb ¼ 3.38
4 3 20.8 2.67
5 1 7.48 3
Kharia
(Bhagirathi)
1 102 167.8 Area: 1215.59 km2
2 23 165 4.43 Perimeter: 11,4028 m
3 3 42.8 7.67 Rc ¼ 0.44; SI ¼ 2.39; Rb ¼ 5.03
4 1 113.63 3
Nonia
(Damodar)
1 133 114.78 Area: 318.69 km2
2 33 62.26 4.03 Perimeter: 79,254 m
3 5 33.55 6.6 Rc ¼ 0.64; SI ¼ 1.39; Rb ¼ 3.78
4 2 27.09 2.5
5 1 17.24 2
Singaran
(Damodar)
1 39 45.24 Area: 162.84 km2
2 13 30.87 3 Perimeter: 63,137 m
3 3 16.64 4.33 Rc ¼ 0.51; SI ¼ 1.36; Rb ¼ 3.44
4 1 19.55 3
Brahmani
(Khari)
1 20 32.4 Area: 358.24 km2
2 3 62.08 6.67 Perimeter: 96,918 m
3 1 22.4 3 Rc ¼ 0.48; SI ¼ 2.44; Rb ¼ 4.83
a Excluding Banka and Brahmani; Rc denotes basin circularity ratio; SI is Sinuosity Index; Rb is average bifurcation ratio.
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characteristics in the tectonic dominated landscape is possible via
the estimation of commonly used morphotectonic indices in active
tectonic research (Bull andMcFadden,1977; Keller and Pinter,1996;
Burbank and Anderson, 2001; Silva et al., 2003; Jacques et al., 2014;
Kale et al., 2014). Morphotectonic indices are reconnaissance tools
to evaluate the relationship between tectonics and basin
morphology and to also identify recent geological deformation
(Goudie, 2004; Kale et al., 2014).
Geomorphological features concerning neotectonic events and
all streams have been digitized from topographical maps at
1:50,000 scales produced by the Survey of India (SoI) between 1967
and 1972. In addition, online mapping service through ‘Plug-in
layer tool in Q-GIS software’ with ‘Google Satellite Image’ becomes
a useful technique in this study for the extraction of important
features related to relief and linear geomorphology. TIN map of the
Kunur Basin and other geomorphometric maps of the ADI region
have been prepared by using ASTER dem (2009) of 30 m spatial
resolution. To extract the geo-hydrological features e.g. palaeo-
channels, sag ponds, association of water bodies, composite image
of Landsat 5 TM bands of year 2010 have been used. For this,
Landsat images are converted from DN (Digital Numbers) to the
physical measure of Top of Atmosphere reﬂectance (TOA) using
‘Semi-Automatic Classiﬁcation Plugin’ in Q-GIS v.2.4 software. The
composite image of Landsat 5 TM comprising the band combina-
tion of 5, 7 and 4 has heightened the existed palaeo-channels over
the study region (Fig.10a). This band combination has been used for
distinctness in the separation of water bodies from other objects
(Luo et al., 2013). SPSS v.20 software is also used to calculate the
values of Skewness and Kurtosis for statistically measure of
asymmetry in the linear aspects of different sub-basins.
2.2.1. Isobase and hydraulic gradient (HG) maps
Isobase Map has been prepared from 1256 lower order streams
(ﬁrst and second order; after Strahler, 1957) for the entire ADI fol-
lowed by Jacques et al. (2014). Tectonic dislocations or severe
lithological changes have been identiﬁed from the abrupt change inisobase values (Golts and Rosenthal, 1993). Elevation (m.s.l) of
conﬂuence points for all ﬁrst and second order streams have been
extracted from ASTER dem (30 m) for the Isobase mapping using
Global Mapper software. Lower order streams have been selected
with the aim of obliterating the errors that may mask the identi-
ﬁcation of a scarp or other topographic features related to erosio-
naletectonic events (Jacques et al., 2014).
The hydraulic gradient (HC) map has been generated to deter-
mine the areas having similar hydraulic behavior with the aim of
composing them to structural lineaments followed by Jacques et al.
(2014). Hydraulic gradient mapping has been constructed based on
316 drainage lines of second and higher orders streams (after
Strahler, 1957), as directed by Grohmann (2004). Each of the
streams has been converted to a pair of points, at their sources and
conﬂuences. Elevation of these points have been extracted from
ASTER dem (30 m). Each drainage lines have its calculated length
and then the value of the hydraulic gradient was calculated using
Eq. (1) and assigned to their midpoint.
HG ¼
h
hc  hf
.
d
i
 100 (1)
where, HG knows as hydraulic gradient; hc is the height at source;
hf indicates the height at conﬂuence, and d is the distance from
source to conﬂuence.
The generated vector ﬁles with points of Isobase and HG data
have been then interpolated using the Inverse Distance Weighted
(IDW)method (Philip andWatson,1982), at the second power, with
a variable search radius and considering the 12 closest points and
thereafter iso-lines were extracted at suitable interval of both
maps.
2.2.2. Transverse topographic symmetry factor (TTSF or T-index)
TTSF is an important basin asymmetry index, which indicates
the deviation of trunk river from the mid-line of the basin. TTSF
values range from 0 to 1. In this case, value near to ‘0’ means a
symmetric basin or reaches, and value more than or far from ‘0’
indicates asymmetric basin or reaches (Cox, 1994). This approach
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tiﬁcation of tilted drainage basins in the active tectonic region
(Sboras et al., 2010; Jacques et al., 2014; Siddiqui, 2014). T-index has
been computed for all six trunk rivers using the following Eq. (2).
TTSF ¼ Da
Dd
(2)
where, Da is the distance from the longest channel to the basin
midline (measured perpendicular to a straight line segment ﬁt to
the channel) and Dd is the distance from the basin divide to the
basin midline. All six trunk rivers have been divided with an in-
terval of 2-km reach to measure the index and pointed over the
map using proportional pie diagram to represent the spatial vari-
ation of tectonic inﬂuence in the ADI region (Fig. 2d).
2.2.3. Drainage basin asymmetry factor (AF-index)
AF-index is a way to evaluate the active tectonic tilting within
the drainage basin and to determine the direction of tilting (Cox,
1994; Sarma et al., 2013; Kale et al., 2014; Siddiqui, 2014). It is
very useful on large extended area and is sensitive to tilting
perpendicular to the direction of the trunk stream (Hare and
Gardner, 1985; Keller and Pinter, 1996; Sboras et al., 2010). AFs for
all sample drainage basins are deﬁned by the Eq. (3).Figure 2. Maps of morphotectonic indices for the ADI region; (a) isobase map, (b) regional si
wise AF-index with direction of tilting, and (e) regional ﬂow turn index transfer it as mentAF ¼ Ar
At
(3)
where, Ar is the area of the basin to the right of the trunk stream, At
is the total area of the drainage basin and both are measured in Arc
GIS 9.3. AF-index close to 50 shows no or a slight tilting perpen-
dicular to the direction of the trunk channel. AF value, which is
above or below 50, has inferred the signiﬁcant tilting of drainage
basin, due to either active tectonics or lithologic control (Cox,1994).
To get absolute value of AF, the generated results from the Eq. (3)
have subtracted by 50 (Cox, 1994).
2.2.4. Structural lineament mapping
Structural lineaments map is a key tool used to analyse the
tectonic asymmetry over the earth surface, which has revealing
the hidden architecture of rock basement (Jacques et al., 2014;
NRSC, 2014). For the ADI region, a web based mapping tech-
nique has been applied through the ‘Layer from WM(T)S server’
mapping tool in Q-GIS to get the arrangement of lineaments
from the recently uploaded web version (http://bhuvan5.nrsc.
gov.in/bhuvan/wms) in thematic map services of National
Remote Sensing Centre (NRSC), Government of India. According
to NRSC (2014), it is a collaborative work of GIS cell of ISRO andnuosity index, (c) hydraulic gradient map, (d) regional TTSF and absolute TTSF and basin
ioned.
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geomorphological and lineament mapping on 1:50,000 scale
using three level classiﬁcation system based on the origin of
landforms.
2.2.5. Regional sinuosity index and ﬂow turn angle map
All the ﬁrst and second order streams (1256) have been used to
prepare a regional sinuosity index map followed by the classic
sinuosity index (SI), given by the ratio of along-channel distance to
the shortest path-length (Leopold et al., 1964). The SI values have
been calculated here from digitized planforms of water courses
using the ESRI Arc GIS þ Hawth’s Tools Analysis package. SI-index
at every 2 km reaches for all trunk rivers have been calculated for
reach speciﬁc analysis about the deformation of channel network.
Using the same software package, channel wise ﬂow turn angle
map has also been prepared after placed a straight stream line
within the two nodes of every 100 m reach. The presence of tec-
tonic inﬂuence on any particular reach has been identiﬁed from the
abrupt change in the values ﬂow angle. Several studies have
documented about the inﬂuence of vertical crustal movements on
the channel pattern (Ouchi, 1985; Jorgensen, 1990; Holbrook and
Schumm, 1999; Biswas and Grasemann, 2005; Zámolyi et al.,
2010; Al-Kubaisi and Hussein, 2014). According to Holbrook and
Schumm (1999), in order to assess of possible tectonic activities
in low-relief and densely populated areas, analysis of SI-index is a
signiﬁcant method to study the geomorphological evaluation
because the smallest changes in the topography can affect the
sinuosity of low gradient rivers. Stream wise SI values have been
assigned as a midpoint on each stream and interpolated using IDW
method. The reach wise ﬂow turn angle values have also interpo-
lated using same method.
2.2.6. Stream length-gradient index (SL)
Stream length-gradient ratio is a sensitive indicator to analyse
the reach scale variability of tectonic function, rock resistance and
topography. It can be used to evaluate relative tectonic activity in a
river basin (Keller and Pinter, 2002; Zhang et al., 2011; Dar et al.,
2014). SL index has calculated using the following formula (Eq.
(4)) followed by Keller and Pinter (2002).
SL ¼ ðDH=DLÞ=L (4)
where, L is the total channel length from the midpoint of the
selected reach, where the index is calculated, to the highest point
on the channel, DH/DL is channel slope or gradient of the reach,
where DH represents the change in elevation for a particular
channel of the reach with respect to DL that symbolises the length
of the reach. The high values of SL index are present where rivers
are crossing the hard rocks and reﬂect relatively high tectonic ac-
tivity. Alternatively, low values of SL index indicate relatively low
tectonic activity and suggest less-resistant and softer underlying
rock types (Hack, 1973; Keller and Pinter, 2002).
2.3. Longitudinal proﬁle analysis
The longitudinal river proﬁle (LRP) has been analyzed as a
universally practiced tool in tectonic research. LPR is a very sensi-
tive linear aspect for every drainage basin with the tectonic
deformation in the earth curst (Demoulin, 1998; Holbrook and
Schumm, 1999; Lahiri and Sinha, 2012; Viveen et al., 2012; Fekete
and Vojtko, 2013; Goren et al., 2014). To detect the role of tec-
tonic setting on river channel adjustment, LRP has been prepared
for all six trunk rivers in the ADI region. All trunk rivers have been
delineated from the topographical maps (1:50,000) followed by
Horton (1945) stream ordering techniques. All stream lines havebeen updated from the recent Google Earth Image (2014) through
‘Open Layer plug-in’ in Q-GIS and vector line editing tools to
minimize the error related to the elevation data extraction from
ASTER dem (2009).
2.4. Tectonic inﬂuence zone mapping
A map has been prepared to visualize the regional variability of
neotectonic activities and related inﬂuences in the ADI region,
based on the fusion on seven morphotectonic indices which are
already discussed in the above. As mentioned, isobase map (IM),
hydraulic gradient map (HG), regional sinuosity index (SI), and
channel ﬂow turn angle maps (FTA) are helping to indentify the
potential area of active tectonics through their abrupt changes. All
four maps have been transformed into ‘change gradient map’ using
Q-GIS to use the quantitative values of their changes for proper
fusion. In the ‘change gradient map’ higher value indicates more
feasible zone of neotectonics and low value indicates stable zone.
Lineaments are the direct outcome of tectonic activities; therefore,
a ‘lineament density map’ has been prepared from the extracted
lineaments in the ADI region, using Kernel Function in Arc GIS.
Reach wise (w2 km) TTSF values of all six trunk rivers have
assigned to the midpoint of all reaches and interpolated using IDW
method. Digital topography (ASTER, 30 m) based regional slope
map (in degree) has also been built up to merge with other six
parameters, where steep slope has assumed an area of more active
zone than gentle slopping ground.
To accumulate all the data in a single framework, point vectors
have been spacing at regular interval (X: 5000 m; Y: 5000 m) over
the ADI region. In the context of areal coverage, one point repre-
sents the extracted data of 25 km2 over the ground. Total 266
points have been assigned and which have been used to extract the
data from all seven input maps, where, the higher value indicates
more active tectonic zone and vice-versa. To prepare a zonation
map on the level of neotectonics, maps wise extracted point data
has been categorized into four groups, coded as 1, 2, 3, and 4 based
on their quartile (Q1, 2, 3) values and where ‘Code 1’ (<Q1) repre-
sents very low tectonic inﬂuenced zone with the values of below
quartile one and ‘Code 4’ (>Q3) indicates maximum inﬂuenced
zone of neotectonics with the values of higher than quartile three,
whereas, Code 2 and Code 3 represent low and medium inﬂuenced
zone respectively. Based on the representing code values of each
point (266) for all the seven individual maps, a cumulative score
has been calculated for each point. Thereafter, IDW interpolation
method has been followed to get ready a ﬁnal version of ‘Tectonic
Inﬂuence Zone Map’ of ADI region and classiﬁed the area into four
groups (Level I, II, III and IV) in ascending order by equal interval
technique in Q-GIS and make contouring over it for better
representation.
2.5. Geomorphic markers identiﬁcation
To calibrate the ﬁnding from the above procedures, a ground
level pilot survey has been carried out over the region to capture
the distinctive micro-level geomorphic features, which are denot-
ing the tectonic deformation over there. Active faulting has a dra-
matic impact on ﬂuvial system. Anomalies in the channel
adjustment due to neotectonic could be indentiﬁed from the local
level development of braiding or entrenched meander, distinctive
drainage pattern, offset river, sag ponds or extended marshes (also
called swampy land), accumulation of alluvial ﬁlls or fan, step like
landforms on valley sides and widening or narrowing of channel
reach, palaeo-current analysis from ﬂuvial lithofacies (Holbrook
and Schumm, 1999; Schumm et al., 2002; Miller et al., 2012;
Whittaker, 2012). Thickness of the sediment sequence increases
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gravel in the channel side bank wall indicate the lowering of
channel bed over time for the change of local base level (Holbrook
and Schumm, 1999).
Normalized Difference Water Index (NDWI) has been applied
here for the demarcation of the swampy or marshy land around the
river lines. To minimize the errors of NDWI on soil water moni-
toring, Gao (1996) constructed a newmodiﬁed NDWI (Eq. (5)) using
middle infrared band (MIR, TM Band 5) instead of green band (Band
2). TM Band 5, representing middle infrared (MIR) radiation, is
better for water monitoring (Xu, 2006) because of greater absorp-
tion rate than that of TM Band 2.
NDWIGAO ¼ ðNIR MIRÞ=ðNIR þMIRÞ (5)
where, NIR is near infrared band of TM data (Band 4) and MIR is
middle infrared band of TM data (Band 5).
3. Result and discussion
A series of morphotectonic indices have been applied to inves-
tigate the tectonic nomenclature of three pre-deﬁned Quaternary
fault zones on the alternation of linear and aerial aspect of the
drainage system. All the prepared maps of morphotectonic indices
have been transformed into a single framework to compare the
variability of neotectonics over different lithological condition and
make a grid (w25 km2) based analysis to prepare a neotectonic
index map for the entire ADI region.
3.1. Morphotectonic indices and tectonic lineaments over the ADI
3.1.1. Isobase map
Due to the tectonic inﬂuence, sharp changes in local base level of
lower order streams in ADI region have been demarcated from the
isobase map (Fig. 2a), with 5-m contour interval. The map also
helps to visualize the variation in possible rate of erosion power
over the drainage basins. Closely spaced contour lines are the zone
of fault scarp for possible neotectonic activity and characterized by
high rate of stream erosion. The locations of structural lineaments
have been denoted by solid black straight lines, which are well
coincided with the possible tectonic scarp region. The representing
cross-section (IM 1eIM 2) line along the ADI region in the direction
of NW to SE has clearly highlighted the three pre-deﬁned fault
zones with prominent up and down deviation of base level. Certain
fall of stream base level near to the MFF and DF lines are indicating
possible zone of subsidence due to active tectonics in the Quater-
nary sediments. Incised channel cross valley with the low
entrenchment values, e.g. 1.56 for Kunur River with multi-terrace
landscape (Fig. 6a); 1.46 and 1.45 for Khari River near MFF and DF
zones, respectively, are the evidences of tectonic inﬂuences on
channel morphology. A visible uplift near zone of CFF indicates the
possible uplift of earth surface and rising of local base level and
associated river depositions.
3.1.2. Hydraulic gradient (HG)
The distribution pattern of the hydraulic gradient values has
been allowed to identify the three major domains in the repre-
senting section line (HG 1eHG 2). Higher values of HG have making
some circular pockets which are also positively associated with the
location of lineaments (Fig. 2c). Lineaments near the domain of MFF
are oriented in the NE to SW direction in the Quaternary sedi-
mentary rocks, NWeSE in the Mesozoic igneous rocks and near the
domain of DF zone they are placed in the N to S direction. Closely
spaced iso-lines of HG are revealing the zone of rapid changes in
hydrological behaviors with the possible neotectonic inﬂuences.3.1.3. TTSF or T-index
Reach wise (w2 km) TTSF values of all six trunk rivers are
ranging from 0.02 (purely symmetrical) to 0.93 (very highly
asymmetrical). The reach wise values are transformed into point
data and thereafter an interpolation map for the entire ADI region
has been prepared for better representation and further analysis
(Fig. 2d). Interestingly all the red zones, which are representing the
zone of tectonically very sensitive, closely associated with the
deformed reaches of trunk rivers where they are deﬂected with arc
shape bend (Fig. 2d). The higher rate of river migration has been
observed near to high asymmetry zone (Salvany, 2004; Virdi et al.,
2006) and the dendritic drainage networks respond better with
that index as a larger range of TTSF is achieved (Keller and Pinter,
2002; Salvany, 2004; Sboras et al., 2010). The ﬂoodplains of these
bended reaches have been characterized by ox-bow lakes, cute cut-
offs, ﬂood scours, ﬂuvial gravel dominated lithofacies, which are
indicating the shifting history of these reaches. Effect of fault lines
on the asymmetry of trunk rivers have been perceived from the
propositional pies on the value of absolute TTSF for every section.
3.1.4. AF-index
A quantitatively evaluation of the asymmetry of drainage basins
has been examined to determine where tectonic control has a
higher degree of impact in their development and deformation
(Cox, 1994). The result has indicating the tilting direction of the
drainage basins, with AF>50%, there is tilting to the left of down-
stream, while with AF<50%, there is tilting to the right of down-
stream. In Fig. 2d, AF-index values have been pointed by their
absolute differences (AF e 50) and arrows have shown the tilting
orientationwith regard to the mainstream ﬂow. The original values
are ranging from 19.88 (Nonia) to 67.30 (Tumuni). Overall, all values
have shown a higher degree of tectonic tilting, where Kunur and
Tumuni are tilted on the left downstream and rest of all are on right
downstream.
3.1.5. Stream length-gradient index (SL)
SL-index has been calculated for everyw2 km reach of all trunk
rivers with an average value for the whole basin. Basin wise
SL-index values are showing that Kunur (942.40) and Nonia
(892.45) basins are maximum inﬂuenced by local tectonic move-
ment and lithological condition (Dehbozorgi et al., 2010). Singaran,
Tumuni and Khari basins have also moderately controlled by tec-
tonic activities with the values of 581.06, 618.95 and 333.58,
respectively. Brahamani basin faces less tectonic inﬂuence with
very low SL value (98.82). Scatter plots between the reach wise
elevation values (from mean sea level) as independent factor and
SL values of the corresponding reaches for all the basins are
showing signiﬁcance differences among the correlation values and
trend of scatter. Although, the ‘r’ values are high for all the basins
but the deviations of SL values from the trend line (second degree
polynomial) are higher on the sediment dominated drainage
basins (Fig. 3).
3.1.6. Regional and reach wise sinuosity index and ﬂow turn angle
Respectively, the both maps (Fig. 2b, e) on the regional variation
of channel sinuosity and their ﬂow turn pattern have clearly
highlighted that over the sedimentary low land areas maximum
sinuosity and abrupt changes in ﬂow direction have been observed
with some pockets of very high values. Although, low stream
gradient and lower stream power in the low lands are the probable
causes for higher sinuosity and rapid changes in ﬂow direction
(Leopold et al., 1964), but identiﬁed pockets are deviated much
from the average values of the surrounding region. These pockets
have been developed here due to the concentration of high tectonic
inﬂuence and series of lineaments.
Figure 3. Scatter plots for all studied basins between the reach wise bed elevation (m) and SL-index.
S. Roy, A.S. Sahu / Geoscience Frontiers 6 (2015) 927e946934Similar ﬁndings related to the regional variability of different
morphotectonic indices due to tectonic inﬂuences have been re-
ported by several other researchers over theworld.With the help of
detail morphometric analysis (isobase map, hydraulic gradient
map, incision of drainage basin, hypsometry, and basin asymmetry
index) and ﬁeld data, Jacques et al. (2014) proved the reactivation of
basement faults over the Parana Basin in the Santa Catarina, Brazil.
This study also noticed about the abrupt changes in morphometric
values near to the fault zones as reported in the present study.
Lahiri and Sinha (2012) demonstrated about the role of active
tectonics on the changing planform of Brahmaputra River, in an
area of high structural instability as evidenced from the presence of
a large number of earthquakes in the Himalayan catchment
through which it ﬂows. Dar et al. (2014) made a tectono-
geomorphic study in the Karewa Basin of Kashmir Valley based
on morphometric indices, such as drainage density, bifurcation
ratio, basin circularity ratio, river proﬁle analysis, drainage basin
asymmetry and stream-length gradient index. Kale et al. (2014)
also proved tectonic controls upon the Kaveri River basin with
the help of longitudinal proﬁle analysis, morphotectonic indices,
and ﬂuvial records. All of these recent research works are showing
the importance of basin scale morphometric index study in the
assessment of neotectonic inﬂuences on channel geomorphology.3.2. Tectonic control along the channel of ADI region
Rivers have to accommodate the periods of tectonic uplift,
climate change and watershed development. Longitudinal river
proﬁle provided useful data to make relevant conclusions about
geological setup, structural and tectonic deformations for an area
(Singh and Awasthi, 2010; Dar et al., 2014). Application of longi-
tudinal proﬁle in tectonic research is a daylong practice which is
still continuing at present (Burnett and Schumm, 1983; Holbrook
and Schumm, 1999; Lahiri and Sinha, 2012; Whittaker, 2012; Kale
et al., 2014). The longitudinal proﬁle of Kunur River is also infer-
red the presence of convexity near the two pre-deﬁned fault lines
e.g. CFF and MMF (Fig. 4a). As a result, two sharp knick points are
developed here. Steep channel slope has been generated by the
down throw of the downstream block of the Kunur River Basin. The
knick point at w74 km from the conﬂuence is the result of ‘Medi-
nipur-Farakka Fault’ (MFF). Adjacent to the MFF, upstream valley
ﬂoor of the Kunur River is incised with entrenchment value of 1.56
and stream power is also increased due to the steep slope and
higher rate of vertical erosion (Burbank and Anderson, 2001). Two
micro-scale alluvial fans have also been identiﬁed below the knick
points, which are the sign of river aggradations because of inter-
ruption in the proﬁle of equilibrium (Fig. 11b).
Figure 4. Longitudinal proﬁles of Kunur (a), Khari (c), and Banka (d) rivers with the statistical asymmetry of studied basins (b).
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suggested about the polycyclic evolution of these basins by the
knick points or break of slope on their proﬁles (Sen, 1993). The
knick points are also coinciding with the location of major fault
lines across the valleys (Fig. 4c,d). The longitudinal disorder of
Kunur River has been aggravated to more speciﬁc research about
the historical channel dynamics adjacent to the ‘MFF’ (Fig. 4a). In
the ‘MFF’ zone, an abrupt fall of bed-elevation (w5 m) has been
identiﬁed by the longitudinal proﬁle and near the same region
channel widths are also reduced (w10 m) rapidly due to channel
incision with rapid vertical erosion. The changing pattern of
drainage network and associated landscape since the Pleistocene
(w2.588 Mae11.7 ka) epoch in the interﬂuve region of Ajay and
Kunur rivers have been summarized by the block diagrams
(Fig. 5a,b). Due to the reactivation of MFF during the early Pleis-
tocene epoch and associated tilting of basin surface, Ajay River,
which ﬂowed in the more southern part in compare to present
thalweg, has been deﬂected and displaced towards northeast di-
rection. As a result, lower part of present Kunur River is actually a
palaeo-path of Ajay River and the conﬂuence of the Ajay-Kunur
rivers was located near the Ban-Nabagram village.
In present day, the evidences of tectonic warping over the area
have been carried by several sag ponds, obsequent river, wind gap,
annular drainage pattern, offset river, straight ﬂow and arc shape
bending of trunk rivers (Fig. 5c). Swampy land is also an important
feature in the active tectonic region (Jain and Sinha, 2005). Fig. 5c
has shown an existence of extended swampy land in the down-
stream of MFF. The impact of neotectonic on micro-geomorphology
in this area has been highlighted by the cross-section ‘A-B’ (Fig. 5c-
inset).
In the study, skewness and kurtosis values have been calculated
based on the length of the all ﬁrst and second order streams of all
studied basins (Fig. 4b). Nonia river basin is tectonically more
sensitive than other ﬁve. Very high values of Skewness (4.83) and
Kurtosis (33.54) are suggested that in this basin ﬁrst and second
order streams are controlled by tectonic inﬂuence. Presence of
parallel drainage pattern, radial drainage pattern are pointing thestructural control over stream features. Moderate values of skew-
ness and kurtosis for Kunur Basin have suggested that tectonic
control is also presence here.
3.3. Tectonic control across the channel of ADI region
Terraces are relict of ﬂoodplains and carrying the evidences of
degradational and depositional stages of any river in past. The most
important control on the evolution of terrace seems to be structural
inﬂuences and ﬂuctuations of sea level (Gong et al., 2014). With an
unpaired terrace landscape near Domra (Fig. 6a), Kunur River has
illustrating channel entrenchment due to structural control over
there. As per the result of AF-index, the basin has been tilted in the
northeast direction, therefore, terraces are mainly developed in the
right bank with progressive inclination towards northeast of the
river channel.
The combined use of morphological and sedimentological evi-
dences is a helpful technique in the study of palaeo ﬂuvio-
geomorphology (Baker and Penteado-Orellana, 1977; Chowksey
et al., 2011). The inﬂuence of tectonic disturbance on ﬂuvial activity
could be understood by correlating sediment sequences of river
side wall and erosional process (Baker, 2000). In the present study,
river side deposits have been comprising three major lithofacies
(massive ﬂuvial sandy-clay layers, stratiﬁed gravels layer, massive
sand), developed onto lateritic bedrock and have been studied at
two sites. At the site ‘1’ (2331051.7500N; 8734037.9400E; 42 mmsl), a
4-m section has been studied near Bhatkunda village, which is an
incised bank for a fourth order right bank tributary of Kunur River.
The presence of two ﬂuvial gravel layers (w15 cm) above the pre-
sent river bed have been denoting the elevation of palaeo river bed
and signify the channel incision (w2 m) due to fall of local base
level of this tributary (Fig. 6c). The major reason behind this base
level change is development of break of slope in the long proﬁle of
Kunur River just immediate downstream of this site and associated
rejuvenation of KRB.
In an another site (233202.1400N; 8727038.0800E; 52 mmsl) near
Domra village, a 2-m section has been exposed in the river side
Figure 5. (a, b) Block diagrams are showing the changes of landscape adjacent to the MFF zone since early Pleistocene due to tectonic warping; (c) at present channel pattern of the area represented by block diagrams with AB section
line (inset) to show the variation of micro-geomorphology.
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Figure 6. (a) Unpaired river terraces (T) of Kunur River near Domra showing neotectonic signature on transverse river proﬁle through down cutting and north ward shifting of channel; ‘T’ with numeric values indicate sequences of
river terraces; standing people near T-3 represent the relative scale of the landscape, (b) entrenched channel of a trunk tributary of Kunur near Kankora (after Chakrabortty and Das, 2005) has revealed the inﬂuence of neotectonic
activities, (c) a 4-m channel side exposed section showing well developed horizontal ﬂuvial gravel layering within alluvium bed (Site 1) at the junction point of fourth order tributary in Kunur River, (dee) both photographs are showing
the vertical incision of Kunur River near Domra; difference of MSL indicates a ﬁve meters incision of river bed; ﬂuvial gravel layer has evidenced the palaeo river bed; 30-m scale provides relative measurement of layers (Site 2).
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S. Roy, A.S. Sahu / Geoscience Frontiers 6 (2015) 927e946938para-ﬂuvial zone, where w30 cm ﬂuvial gravel layer indicates the
presence of palaeo river bed there. A 5-m vertical incision of Kunur
River has been observed here from the difference between eleva-
tion (msl) of palaeo river bed in the para-ﬂuvial zone (52 m) and
present channel bed (47 m) (Fig. 6d,e). Within this zone of KRB, its
tributary nalas have became entrenched (Fig. 6b), meandered, and
have bluff of about 5m on its undercut sides (Chakrabortty and Das,
2005).
The inﬂuences of tectonic activities have also found from the
channel properties of the Ajay River in its lower basin area (Table 3).
Towards downstream from the Pandaveswar, rapid loss of channel
widths have been observed with decreasing width-depth ratio
(w/d). Theoretically, there must be negative correlation between
‘distance from conﬂuence’ and ‘channel width’ (Leopold and
Maddock, 1953; Knighton, 1987), but river Ajay has been carrying
strong positive correlation between them (þ0.91) and there is no
relation between ‘distance from conﬂuence’ and ‘channel depth’
(e0.06). As a result, the possibility of bank erosion and frequent
ﬂooding has been increased. In the conﬂuence zone of Ajay and
Kunur rivers (near Kogram; 2332039.8400N/8754003.5500E, 27 m.)
the width of the Ajay is just 221 m; therefore, this is a most
vulnerable site in the lower Ajay River Basin. The presence of good
ﬂoodplain area is the result of higher value ofw/d (Rosgen,1994), but
near the conﬂuence zone,w/d is very low in respect to the upstream
cross-section sites. Therefore, no mature ﬂoodplain is developed
here due to the tectonic alternation of channel properties.
3.4. Tectonic inﬂuence zone mapping for the ADI
Based on the results obtained from the above investigation, an
active tectonic potential map has been generated for the ADI re-
gion. Cumulative score has been calculated for the each point (256)
with the combination of the seven morphometric indices and their
weightage values. The points are representing the values of their
respective grid (w25 km2) over the ADI. A number of studies
(Lahiri and Sinha, 2012; Kale et al., 2014) have been followed sub-
basin scale analysis for tectonic index mapping but small grid wise
analysis might be more fruitful than basin wise indexing for active
tectonics. The regional variation of neotectonic in the ADI has been
classiﬁed into four categories (Fig. 7). ‘Level IV’ zone has been
denoted by red color, which is the most possible inﬂuencing zone
of neotectonics. This map shows that the western part of ADI is
more vulnerable due to tectonic activities. Moreover, some
vulnerable pockets have been also identiﬁed in the rest of the
areas. The presence of neotectonic inﬂuences over the Quaternary
sedimentary low land have been highlighted by some circularTable 3
Channel dimensions of the Ajay River from Pandaveswar to Kogram (Source: GIS based
Cross-section
site name
Lat./Long at right
bank side
Local elevation
from m.s.l.(m)
Distance from
conﬂuence (km)
Pandaveswar 2342054.3600N 65 130.28
8717049.6100E
Jaydeb Kenduli 2339011.5400N 59 111
8724016.2400E
Bankati 2336045.6300N 58 106.27
8729024.7100E
Ramchandrapur 2342022.3500N 50 85.12
8736036.6000E
Bhedia 2336037.3600N 44 77.08
8740033.2400E
Paligram 2334035.1300N 36 59.42
8748006.2700E
Kalyanpur 2333019.1300N 29 50.31
8751037.4600E
Kogram 2332039.8400N 27 44.34
8754003.5500Ezones of ‘Level IV and III’ in the eastern part of ADI. Superimposed
trunk rivers have been suggested that due to the variation of tec-
tonic potentiality, river lines are defected and taking arc shape
bend near the Level IV zone. Signiﬁcant tectonic sensitivity of the
study area has been inferred from this map because a large part of
area has been covered by Level III and IV zones. The three pre-
deﬁned fault zones are also closely associated with the red zones.
To calibrate the acceptability of this neotectonic map of the ADI
region, Bouguer gravity anomaly data has been assigned to corre-
late the area of suspected tectonic inﬂuence from geophysical
assessment and generated tectonic index map of the region from
the fusion of seven morphotectonic indices. The map of Bouguer
gravity anomaly has provided by the National Geophysical Research
Institute or NGRI (1978), Hyderabad, India composed with the in-
terval of 5 mGal iso-lines. The data have been superimposed over
the neotectonic map of the study area denoted by yellow lines.
Spacing of iso-lines indicates the sharp variation of gravity over the
ADI with a range of e45 mGal to þ10 mGal. According to Verma
(1985), an area underlying by masses with relatively higher den-
sity, Bouguer anomalies are reﬂected as higher gravity and vice
versa. Bouguer anomalies have demonstrating negative over the
elevated region and it shows an inverse relationship with topog-
raphy (USGS, 1997). The most important unknown source of grav-
itational anomaly is the effect of the irregular underground
distribution of rocks with different densities (USGS,1997). Based on
the principles of Bouguer gravity anomaly, this map has been
provided useful evidences to interpret the background of spatial
variation of tectonic activities over the ADI region.
In the study areaminimumvalue of gravity (e45mGal) has been
observed over the eastern part with concentrated elliptical
depression near the Manteshwar village. Geophysically, this area
should be maximum elevated region with minimum density of
underlying masses in respect to the entire ADI, but in reality this
region is characterized by low laying area with extensive swampy
land and zone of frequent ﬂooding along the ﬂoodplain Khari River
(Fig. 8). Tectonic control over the Quaternary sedimentary low land
in the ADI region has been proved by this anomaly. The level IV
zone in the western part of ADI also faces the gravitational anom-
alies, because the lower gravity value (e30 mGal) indicated the
presence of elevated land and underlying area consists with low
density masses but geological map shows that this region covered
by hard granite and gneiss rock with a series of minor faults and
lineaments. The huge deformation in Kunur River near Mahata
(Fig. 9) is also clear from gravity data. Iso-lines of Bouguer gravity
are showing that a very rapid fall in underlying rock density, within
the distance of 10 km gravity falls fromþ10 mGal to e30 mGal. Thecalculation form multiplying images of ASTER data, 2009 and PAN image, 2010).
Channel width (m) Maximum depth (dmax, m) Width-depth
ratio (w/d)
1026 11.89 86.29
719 10.51 68.41
518 9.39 55.17
345 8.58 40.21
473 7.02 67.38
273 11.48 23.78
316 10.68 29.59
221 11.78 18.76
Figure 7. Tectonic index map of the Ajay Damodar Interﬂuve Region showing the spatial distribution of neotectonics.
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the region, there are several parts of gravitational anomalies which
are closely correlated with the deformed drainage pattern and level
of neotectonic.
3.5. Tectono-geomorphic evolution of the ADI region
The direct responses of river to the tectonics have been man-
ifested as the change in channel slope and adjoining changes
related to slope alternation (Jain and Sinha, 2005). According to
Schumm et al. (2002), any crustal deformation with very less
amount (2e3 mm/yr) can alter the natural architecture of drainage
basin. Holbrook and Schumm (1999) and Schumm et al. (2002)Figure 8. Window I: typical drainage pattern and adjoining ﬂuvial features on NDWI map h
Landsat TM, 2010); black dashed line denotes the location of Damodar Fault Line; black arrpictorially described the adjustment of channel pattern (straight
4meander4 braided4 anastomosing) with the altered tectonic
slope and warping of landscape. There are some common adjust-
ments (aggradation and/or degradation) of alluvial channel with
the changes of stream gradient; lower stream gradient generates
low stream power and accelerated the process of channel aggra-
dation (Leopold et al., 1964; Holbrook and Schumm, 1999). Due to
the uplift of any valley region, channel slope of this region is
deformed and aggradation will take place in the counter part of
uplift area and a deep incision shows in the forward reach due to
the increasing stream power (Holbrook and Schumm,1999; Marple
and Talwani, 2000; Valdiya and Rajagopalam, 2000; Jain and Sinha,
2005).ave represented the inﬂuence of active tectonics in the lower Khari River Basin (Source:
ows show the direction of river.
Figure 9. Window II: Adjustment of channel pattern in the sedimentary low lands with north-east wards shifting tendency; P1eP4 are showing the ground level variation of
channel morphology in different reaches of Kunur River.
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gion of Ajay and Damodar rivers has been displayed by a number of
ﬂuvio-geomorphic features. Three windows have been selected
(W1eW3 in Fig. 7) from the different parts of ADI regionwhich are
located in different zones of the tectonic index map.
3.5.1. Window I (W1): Abrupt change in ﬂow direction with
waterlogged and low-lying area (Khari River Basin)
An abrupt change in the ﬂow direction of lower Khari River
Basin has been observed near the Bhandardihi and Malamba vil-
lages (Fig. 8). In this zone the east ﬂowing Khari River takes a
sudden bend (w70e80) towards the north with a linear move-
ment up to Palason (w21 km) and thereafter taking a U-turn in the
southeast direction up to the conﬂuence point with the Bhagirathi-
Hooghly River. Although, AF-index value of Khari basin (e14.84)
indicates about the southward tilting of this basin, which is origi-
nally prominent in the upper catchment area by the presences of
meander-cutoffs, ox-bow lakes, palaeo-channels, unpaired terraces
in its left bank. Therefore, this distinctive drainage pattern of lower
Khari River Basin can be explained in light of neotectonics over the
ADI region. Due to the existence of ‘Damodar Fault Line’ (DFL), Khari
becomes a fault guided stream in the middle-east part of the ADI
region. Corresponding to the DFL, horizontal shifting of drainage
lines towards northeast with incised valley have been indicated the
development of left-lateral strike-slip fault with little subsidence of
Bhagirathi Alluvial Plain.
An extended marshy or swampy land (w75.68 km2) has been
identiﬁed in the downstream of DFL, as a result of frequent ﬂooding
and entrenched channel. In this geotectonic zone ﬂooding and
water logging are the common problem (Jain and Sinha, 2005),
therefore, this part of Barddhaman district has been affected by
frequent havoc ﬂoods (DDMP, 2011e2012). This area is also con-
sistingwith number of waterlogged patches, ponds, low-lying areas
(http://bhuvan5.nrsc.gov.in/bhuvan/wms). Presence of low lying
areas in this region has been also identiﬁed from the digital
topography (ASTER dem, 2009). Association of ponds also sug-
gested that Khari River has shifted here and existence of beheadedstream has also evidenced the inﬂuence of neotectonics on alter-
nation of channel pattern. Similar to the Khari River, river Kunur
has been experienced with neotectonic inﬂuenced ﬂuvial forms in
its middle part, where, MFF has passing across the trunk stream.
The certain change in the ﬂow direction towards north with
beheaded stream, sag ponds and ponded channel reach, deep
channel cut, meander cutoff, extended marshy lands are also
existed here (Fig. 5c).
Due to the presence of high shear stress, resulted ﬂuvial forms
have been provided the evidences of horizontally left-lateral slip of
earth crust and development of strike-slip fault, e.g. DFL and MFF
(Holbrook and Schumm, 1999; Peters and Van Balen, 2007; Mukul
et al., 2014). The drainage areas of Khari and Kunur rivers are
located over the Quaternary sediment and experienced with river
deﬂection due to the warping of surface. Therefore, the information
about the crustal tectonic has been proved from the abrupt change
in channel ﬂow direction or channel deﬂection, where both rivers
have tried to avoid the local uplift by taking arc shape bends to cross
the elevated land (Keller and Pinter, 1996; Holbrook and Schumm,
1999; Peters and Van Balen, 2007; Chatzipetros et al., 2013).
3.5.2. Window II (W2): River response to the lateral tilting (Kunur
River Basin)
In tectonic research, the sensitiveness of river basins and their
channel networks with lateral tilting is a very common aspect to
study from the ground level observation (Holbrook and Schumm,
1999). The ADI region is characterized with distinctive drainage
patterns and associated ﬂuvio-geomorphic features in some parts,
which are providing sharp indication of tectonic nomenclature and
related modiﬁcation. Particularly for the Kunur River Basin, in its
mid-stream region (near Ban-Nabagram and Ausgram villages) a
prominent lateral adjustment has been observed with the sus-
pected upliftment in the immediate downstream of Medinipur
Farakka Fault (Fig. 9). The characteristics of stream reaches are quite
dynamic here. The upstream reaches have been denoted by low
channel sinuosities (1.08e1.32) in comparison with middle and
downstream reach (1.51e2.34). Generally, meandering rivers are
S. Roy, A.S. Sahu / Geoscience Frontiers 6 (2015) 927e946 941preparing symmetrical and sinusoidal bends, but asymmetry bend
might occur because of river conﬁnement (Hickin, 2003). Reach
scale (2 km) TTSF values (0.42e0.49) and basin wise AF-index
(64.14) have indicated the presence of very high asymmetry, that
can be attributed to neotectonic movement (Fig. 6b). Therefore, the
high sinuosity values in this part are resultant to ‘compressed
meander’ (Holbrook and Schumm, 1999).
The sedimentary low land of ADI region has been characterized
by alternation of channel planform, e.g. ‘straight to meander;
meander to straight’ (Fig. 9). Hybrid remote sensing e.g. Google
Earth view (2015) has been used to demark the deformed channel
pattern due to lateral tilting of AKI region, such as palaeo-channels,
ox-bow lakes, meander cutoffs, palaeo ﬁlls, abandoned channels
etc. Due to the left-lateral slip of MFF, Ajay River has shifted towards
northeast. The displacement of Ajay River has been proved from the
palaeo-hydrological map of the AKI region (Fig. 10b), which has
been prepared from the combined work of remote sensing and
archaeo-geomorphology. The composite image of Landsat 5 TM
with the band combination of 5, 7 and 4 has heightened the existed
palaeo-channels over the AKI region (Fig. 10a), which are delimited
by black lines and were assumed to be the palaeo-channels of the
Ajay River. Spatially, all proposed palaeo-channels have diverted
from the right bank of Ajay River near Gopalpur village (below
Illambazar) and extended up to the present channel of Kunur River.
The position of palaeo-channels also has revealed that there was
somemajor shifting of Ajay River rather than progressive migration
towards northeast direction.
The rate of shifting has been also controlled by the tectonic
activities in the interﬂuve of Ajay and Kunur rivers (AKI). To
calculate the approx rate of channel shifting within the AKI region,
archeological evidence has been incorporated here with help of
past records about ancient settlements in Bengal. Since 1960, a
large number of archeological sites have been explored by different
archeologists (Chakrabarti, 1972; Chaudhari, 1990; Dutta, 1990;
Chaudhari, 1994; Roy, 2012a) in the West Bengal. In the present
study, major enlisted sites are Panduk or Pandurajardhibi
(87.64534E, 23.57836N), Berenda or Bandar (87.64534E,
23.57836N), Mangalkote (87.89746E, 23.52757N), Debagram or
Debpur-Sripur (87.78410E, 23.54518N), Mallikpur or Goswami-
khanda (87.53753E, 23.58246N), Aral (87.88964E, 23.53092N),
Kalyanpur (87.84867E, 23.54315N), Basantapur or Hazradanga
(87.67966E, 23.53213N), Orgram or Bulbuldanga (87.78452E,
23.51633N) and Kogram (87.89721E, 23.53972N). All these
archaeological sites have been carried the clues about river side
settlements but presently, except Kogram and Aral, are located very
far from the course of Ajay River. These sites thus prove the palaeo
ﬂow of the Ajay River. A palaeo-hydrological map (Fig. 10b) was
then prepared in a GIS environment by locating the GPS co-ordinate
values of all the sites in the current AKI region and by imposing the
palaeo-channels that were extracted from remote sensing data. It
can, therefore, be mentioned that all the places were riverine set-
tlements before the Ajay Riverwas deﬂected to the northeast due to
crustal deformation.
The pre-historic societies of Gangetic plain are the result of
cultural diffusion fromHarappa Civilization along the ﬂoodplains of
the Swaraswati and Ganga rivers (Chaudhari, 1990). As a result,
eastern India as well as West Bengal has a rich ancient cultural
background from more than 2000 BC. Historians and Archaeolo-
gists jointly have called it “Chalcolithic Period” (2000 BCe1500 BC)
or the age of metal. A pre-metal age has also identiﬁed by
Chakrabarti (1972) before the Chalcolithic period, which is called
“Chirand’s” pre-metal age (<2000 BC). Based on the explored arti-
facts, tools, food materials, metal and other materials from the
different archaeological sites in the Gangetic Plain, Chakrabarti
(1972) categorized four phases of development of the pre-historicsocieties of Bengal (Table 4). Based on this and by the comparison
of explored materials from these sites and from some direct dating
results, the ages of the archaeological sites of the study area have
been calculated. This information has been also used to prepare the
palaeo-path map (Fig. 10c) of lower Ajay River.
It may, therefore, be concluded that the present Kunur River is
basically a palaeo-path of the Ajay River about w3500 years ago.
Multi-terraced channel (Fig. 6a) of Kunur River near Domra has
shown its large extended width in past. According to Bhattacharya
and Dhar (2005), the width of the Kunur is larger near Kuldiha
(140 m) and Domra (150 m) than in its upstream and downstream
direction. Widths of the excavated palaeo ﬁlls near Guskara (S1)
and Mangalkote (S2), aboutw112 andw57 m respectively, are also
highlighted the palaeo-channel morphology of Ajay River
(Fig. 10deS1 and 10deS2). The extension of this palaeo ﬁll could
also be easily demarked from the Google Earth image
(Fig. 10deS1b) through a series of ponds in sinuous shape. In the
Site 3, a prominent abandoned meandering channel is found near
Debipur-Sripur (Fig. 10deS3). The continuous layers of gravel and
pebbles have indicated the presences of palaeo river bed within the
badland topography of Gopalpur area (Fig. 10deS4).
The shifting rate (SR) of Ajay River in the AKI region has been
obtained from the Eq. (6).
SR ¼ D=A (6)
where, ‘D’ is the distance of the particular archaeological site from
the present path of Ajay River and the site wise total age (A) has
been taken after adding the years of Before Christ (BC) i.e. beginning
years of that site and Years of Anno Domini (AD), i.e. 2014 for all
sites.
Pandurajardhibi is the most ancient site for West Bengal. It is the
only settlement of pre-metal age (<2000 BC), that dates back to the
early Microlithic age (Ghosh and Chakrabarti, 1968; Datta, 2005). In
this part, the Ajay River shifted towards north and the rate of
shifting was slow (w0.80 m/y) due to the hard Cenozoic lateritic
tract and existence of tectonic scrap. Near Mallikpur too, shifting
rate was slow (w0.96 m/y) in the northward direction. In the
eastern portion of Pandurajardhibi, the shifting rate has been
slightly increased over the alluvial fan region of lower Ajay River
Basin due to the presence of sharp break of slope induced by MFF
line across the region and tectonically northeast ward tilting of this
section (Fig. 2d). In-between Basantapur and Beranda, and between
Beranda and present thalweg of Ajay river shifting rates were very
high, i.e. 3.41 and 2.08 m/y respectively. For Bulbuldanga, it was
2.07m/y. In this region, Ajay has been developed number of palaeo-
paths during its migration to the northeast direction. Besides, at
Mangalkote and Kalyanpur shifting rate were 0.40 and 0.32 m/y
respectively, which indicate a stable reach of lower Ajay Basin.
3.5.3. Window III (W3): Alluvial fan as a result of neotectonic in the
ADI region (Damodar River)
Alluvial fan, a cone shape ﬂuvial landform is the results of ﬂuvial
deposition below the fault line of stream gradient (Goudie, 2004).
According to Goswami et al. (2009), the deposition of fans are poorly
sorted, angular, coarse sediments and they induced to forma radially
diverging network of stream channel, and displayed like a braided
pattern. Similar ﬂuvio-geomorphic features in the lower Damodar
Basin have been revealed the active tectonic activities in the ADI
region. Reactivation or movements of fault during early Quaternary
Period in the lower Damodar Basin can be determined from the
extended alluvial fan deposits (Singh et al.,1998). Tectonically active
and fault guided sedimentary lower Damodar basin has providing
optimum conditions for the development of ‘Damodar Fan-Delta’
(Niyogi, 1975; Acharrya and Shah, 2007; Goswami et al., 2009), This
Figure 10. Window II: (a) Satellite image showing the extracted palaeo-channels within the interﬂuve of Ajay and Kunur rivers, (b) palaeo-hydrological map of the interﬂuve of Ajay and Kunur rivers, (c) northeast ward shifted palaeo-
paths of the lower Ajay River in the ADI region; linear sequences of ﬁlled red triangles indicate the palaeo-paths; Yellow lines with both side arrows are showing the direction and rate of shifting (metre/year); background image
showing the PAN data of Landsat 8 dated on 28th March, 2014, (d) ground level evidences of palaeo-channels at different sites (Sn) over the study area; (S1a) and (S2a) are showing the palaeo scratch of Ajay River near Guskara and
Mangalkote respectively, (S2b) and (S4) are showing the facies developed by palaeo river ﬂow over the exposed section, (S1b) indicates the aerial view of palaeo-channels with serious of ponds, and (S3) shows an abandoned channels
near Debipur-Sripur.
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S. Roy, A.S. Sahu / Geoscience Frontiers 6 (2015) 927e946 943fan is also renowned as palaeo-alluvial fan for the existence of huge
tracks of radially diverging palaeo-channels (Fig. 11a). Acharrya and
Shah (2007) reported that as per Mallick and Bagchi (1975), the
geomorphic features of this part have been revealed by the presence
of abandoned channels bifurcating from Damodar, which was the
apexof theDamodar fan-delta. In everyﬂoodingyear, newyellowish
sediments have been accumulated and spread radially out on the
plain, and formed a fan-shapeddepositional alluvial tract,which can
be indentiﬁed from the color contrast of hybrid satellite images
(Fig. 11a). Neotectonics have played a signiﬁcant role in the back-
ground of the Damodar Fan-Delta. Due to the Damodar Fault the
river takes a sharp right angle turn near Palla and Chanchai villages
and runs in southward directionwith shrinking width and carrying
capacity (Bhattacharyya, 2011).
Due to this distinctive morphological pattern of Damodar River
near these two villages, river channel is not capable to content huge
suspended sediment accumulated ﬂood water (w4011 km3/s;
Ghosh and Guchhait, 2014) and spill-over on the eastern ﬂood plain
and temporally increased the thickness of alluvium deposits and
expanding the area of Damodar Fan-Delta. Back swamp, levee,
mature point bar and palaeo-channels are also developed in this
surface. In back swamp areas, the upper clay-silt layer is about
4.5e6 m thick, whereas, in palaeo-channels and point bar area, it is
comparatively thin with thickness of about 2 m. The lower sandy
layers at some places are containing pebbles and gravels of quartz
and feldspar (Bhattacharya and Dhar, 2005). According to Acharrya
and Shah (2007, 2010), since middle of the 18th century, the Dam-
odar River was ﬂowing east to meet the Bhagirathi River, but after
that trackof theDamodar rotated andobserved128kmshiftingof its
mouth. This huge shifting of river track within a short temporal gap
has been suggested the inﬂuence of active tectonic in that region.
Some other micro alluvial fans have been also indentiﬁed in the
ADI region.Within the Kunur River Basin, twomicro fans have been
demarked in the tin map of this basin (Fig. 11b) and the funda-
mental fact is that these two fans were developed just immediate
downstream of the two knick points in the longitudinal proﬁle of
Kunur River. These two knick points are the result of two active
fault lines e.g. CFF and MFF, which are passing across the basin.
Alluvial rivers are deforming due to the reactivation of sub-
surface faults, this fact has proved by Jain and Sinha (2005) over
the Baghmati River plain, which is a Himalayan foreland basin in the
eastern India. Jain and Sinha (2005) documented that in the
response of active tectonics, different parts of Baghmati River are
deformingwith channel avulsion, compressedmeander, and sudden
change in ﬂow direction, angular drainage pattern, water logging
and existence of extended low-lying area. Convexity in longitudinal
proﬁle, incised channel with low w/d ratio have been also found
there. Sahu and Saha (2014) used palaeo-channel as an indicator to
prove tectonic activity in SoneeGanga alluvial tract inmiddle Ganga
Plain, India, with the integration of remote sensing and GIS.
4. Conclusion
After detail analysis of structural pattern and lithofacies over the
region with the combination of channel pattern orientation, it has
been clearly perceived that there are three corresponding strike-
slip faults with left-lateral motion (also known as sinistral), which
were reactivated during the late Quaternary period and their effects
are still continue. Indicators of the left-lateral slip, are particularly
well visible along the fault guided reaches of Kunur River (near
Ban-Nabagram), Khari River (near Manteswar) by drainage
deﬂection (from 10e50 to 2500 m), beheaded streams, shutter
ridges, fault-line scarps, displaced terraces and alluvial fans, recti-
linear fault valleys. The amounts of left-lateral offset have been
deduced from deﬂected drainage patterns (Fig. 8).
Figure 11. Window III: Alluvial fans over the ADI region, (a) great Damodar fan and (b) micro-fans near the knick points of Kunur River.
S. Roy, A.S. Sahu / Geoscience Frontiers 6 (2015) 927e946944Existence of micro fans is the indicator of channel aggradation
(Fig. 11b) in the counterpart of deep incised meander with low
entrenchment ratio (<1.46) and low w/d ratio. Near Ausgram, in
Kunur River the depth of channel bed is w4 m from the bank top
(Fig. 9-P2), whereas, as per the topographical map (73 M/10;
1:50,000) of Survey of India (surveyed on 1972) in this site the
channel depth wasw3m from the bank top (indicated by 3r). Since
1972, about 1 m incision tells the story of the rapid erosion rate due
to the rejuvenation of river system. In the comparative observation
with the western part (hard igneous rock type) of ADI region,
channel morphology in the sedimentary eastern part has been
more deformed by neotectonic activities. A suspected upliftment
has been observed in the interﬂuve of Kunur and Khari rivers due to
the typical drainage patterns and associated landscape.
The analysis of micro-scale geomorphological features has been
appeared to be very effectiveway to detect neotectonic activities. In
the present study, unpaired terraces, palaeo-channels, palaeo-al-
luvial fans, ﬂuvial gravel layers in the lithofacies, offset river and
fault scarps have been supported the inﬂuence of active tectonics in
the development and carving of present day landscape of ADI re-
gion. Analysis of morphometric indices have been shown that there
are strong correlation between structural geology (faulting, linea-
ment, warping) and stream orientation. Fusion of these attributes
has also helped to prepare an important map on level of recent
tectonics to know the sub-surface land capability for the regional
planning over the ADI region. Applied statistical tools (skewness
and kurtosis) are also very helpful in the morphotectonic research.
Archaeo-geomorphological investigation has been proved as an
effective method in the palaeo hydrological research, from the
study of palaeo-river channel and their historical evolution in the
AKI region. The integrated study of palaeo-hydrology and neo-
tectonics has helped to extract the rate of channel displacement
and potential zone active tectonics. Once again, this work has been
supported the result of numerous studies on the role of neo-
tectonics in the ﬂuvial dynamics and ties to build up a literature
related to the morphotectonic inﬂuences on the channel alterna-
tion in the ADI region to ﬁll up the previous research gap.
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